The Naval Postgraduate School is cooperating with personnel at the Naval Air Warfare Center Aircraft Division (NAWCAD) in the development of application software for an intelligent kneeboard system to provide a multiple pilot and crew aids for the H-60 series of helicopters. NAWCAD personnel have already deployed a first generation kneeboard system that provides a moving map function. This system is completely self-contained. A second-generation system has recently been developed that is integrated into the H-60 avionics system via the MIL-STD-1553 bus. The newer system will provide the opportunity to add many new features to aid the pilot and crew of the helicopter. Some of the features being investigated include ground proximity warning system (GPWS) based on a 3D terrain database, traffic alert and collision avoidance systems (TCAS), and electronic information display, i.e., checklists, approach plates and other general aviation information. This paper focuses on work at the Naval Postgraduate School to develop a software program to detect the presence of vortex-ring state (VRS), an aerodynamic phenomenon associated with helicopters.
Introduction
Various commercial Pilot Aids are available for General Aviation use. Jeppesen offers moving map and flight planning software that uses a notebook computer and commercial GPS receiver. Georgia Tech Research Institute has developed Falconview Flight Planning Station Software, a similar application for the U.S. Air Force. The VH Systems Engineering Integrated Product Team at NAWCAD, Patuxent River, MD has developed a series of computer systems, referred to as the Ground/Air Display for Geographicam y drographic Tracking (GADGHT) system, that allow Falconview and similar applications to be easily integrated into military aircraft.' This paper discusses the implementation of a vortex-ring state software program intended for use in conjunction with the GADGHT system on an H-60 helicopter.2 Vortex-ring state is an aerodynamic phenomenon that occurs in helrcopters that results in unintended high rates of descent. The warning system described in this paper is intended to aid the pilot in recognizing the presence of the vortex-ring state in order to allow quick and appropriate responsive action.
GADGHT System And Falconview
The vortex-ring state warning system will be implemented as a software program that runs concurrently with Falconview and other pilot aid software on a GADGHT system. The GADGHT system used for this application will be described below to provide a frame of reference when discussing the warning system.
A brief introduction to the Falconview software is also provided.
For details on the GADGHT system contact Mr. James E.
Tomasic Jr., VH Systems Engineering IPT, NAWCAD -NRWATS, NAS Patuxent River, MD, TomasicJE@navair.navv.mil, or Mr. Stephen Brown, NAWCAD Air Vehicle Group, NAS Patuxent River, MD, BrownSB@navair.navv.mil.
GADGHT System
The GADGHT system is a series of moving map and information technology information or display systems that are small, lightweight, inexpensive, flexible and highly supportable. The GADGHT systems were originally conceived to allow older aircraft to incorporate newer technology within the constraints of budgets and time. Today, the systems are platform configurable for utilization on boats, ships, trucks and Humvees, as well as numerous types of aircraft. The power and installation flexibility of these small systems permits them to significantly contribute to crew situational awareness as well as the enhancement of mission performance and effectiveness. The GADGHT system is based on (COTS) technology and is completely customer configurable for mission and vehicle installation.
Additionally, the GADGHT system will support the development of additional pilot aid features and other applications that can be used to gather, process, and display desired information, again, configurable to the aircraft and mission needs of the users. Examples of these features would be the display of digitized publications, the integration of other functionality, electronic indicators, as well as the incorporation and display of platform video.
This would specifically include items such as NATOPS manuals, approach plates, ground proximity warning systems (GPWS), traffic collision and avoidance systems (TCAS), and forward looking infra-red (FLIR). The most significant advantage of the GADGHT systems is their ability to implemented and utilized without a change to the aircraft's operational flight program (OFP). Four different models are currently offered, the Atlas-Thor, Mercury, Gemini, and Apollo units.3 A prototype similar to the Mercury unit will be used to develop the vortex-ring state warning.
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Mercury Unit
The Mercury Unit is a kneeboard display coupled with a separate processor. The basic processor consists of a rugged enclosure that contains two PC-104 central processing cards and ' various interface cards.
A MIL-STD-1553 interface card provides access to the data required to implement the warning system. Another PC-104 format interface card provides the capability to produce an audible warning over the aircraft's intercom system. The weight of the processor unit is less than 7 lb. Kneeboards can be produced in varying dimensions (6.5, 7.5, and 8.5 inches), and configured with additional displays. Each kneeboard's weight is estimated to be less than 2 lb. The Mercury Unit is capable of providing a mouse and keyboard, joystick, or pen based user interface. See Figure 1 .
Figure 1. GADGHT Mercury Unit4
Falcon View
The GADGHT system is based on the Falconview Flight Planning Station Software. over 13,000 aircrew members worldwide, including the 89th Airlift Wing at Andrews AFB, Maryland, which provides airlift and logistical support for the president, vice president, cabinet and other government officials.
FalconView, along with other commercially available flight planning software is a Windows 9 9 " based system that allows the user to follow the aircraft's position overlaid on a digitally presented map. It also includes overlay tools that allow the pilot to mark no-fly zones and restricted or prohibited flight areas as well as to download the latest updates on the ever-growing number of towers and antennas that could pose flight hazards. FalconView utilizes NIMA, CADRG Map, DAFIF, DTED, and E-CHUM information source^.^
Vortex-Ring State Warning System
Vortex-ring state or power settling (the helicopter's version of the fixed wing's stall) is a condition of powered flight where the helicopter settles into its own downwash. This unsteady flight condition can be characterized by severe thrust fluctuations, vibrations, rapid rates of descent, sluggishness and vibrations of the controls and can result in a temporary loss of helicopter control. Conditions conducive to vortex-ring state are a vertical or nearly vertical rate of descent of at least 300 feet per minute (FPM) and low forward airspeed. The rotor system must be using some of the available engine power with insufficient power or lack of immediate power application to retard the sink rate. These conditions can occur during steep approaches, approaches with a tailwind, poor altitude control during high hover conditions, or situations where an engine has failed or lack of available power exists. The vortex-ring state, or power settling, is often confused with a different phenomenon known as settling with power. Settling with power is merely a high sink rate as a result of insufficient power to reduce a rate of descent or terminate an approach. The Navy defines settling with power as a flightregime where power required exceeds power available. This condition can precipitate vortex-ring state, or power settling, if the rate of descent and airspeed combination is adequate. It could also be said that vortexring state is most likely to be encountered inadvertently when sufficient power is not available.
As part of the research into the warning system, there has been a significant amount of time devoted to analyzing safety data from the military services, Federal ~ Aviation Administration (FAA) and National Transportation Safety Board (NTSB), and the Air Accidents Investigation Branch (AAIB) from the UK. Preliminary analysis of safety data from the NTSB, Navy, Army, Marine Corps and AAIB shows entry into vortex-ring state on 32 occasions since 1982 resulting in accidents. In some instances incorrect pilot identification of vortex-ring state led to control inputs that further exacerbated the situation. Significant numbers of these accidents were the result of accepting slight tailwinds or downwind approaches as well as steep descents from high hovers. Though vortex-ring state is not an everyday occurrence, today's modem helicopter and its broad spectrum of missions dictate operations in an environment where the occurrence of either vortex-ring state or settling with power are increasingly likely. The result of this research effort will be to enhance aircrew situational awareness and safety by providing pilots adequate warning of the potential existence of vortex-ring state. This warning will ensure accurate identification of the current flight condition and permit subsequent correct recovery procedures to be made with confidence and without delay preventing mishaps and accidents.
VRS Prediction Algorithms
Vortex-ring state is an aerodynamic phenomenon whose analysis proves to be extremely difficult. The breakdown of the U.S. Government work 4.D.4-3 not protected by U.S. Copyright. rotor wake leads to the inability of momentum theory to adequately predict behavior inside the vortex-ring state boundaries. Momentum theory does, however, serve to predict the instability that leads to vortex-ring state. This complication in the analyzation of the actual vortex-ring state behavior results in a lack of a unified or standardized approach to predicting the vortex-ring state boundaries. Three theories published over the years were reviewed as potential providers of the ever elusive and sought after boundary for vortex-ring state. The typical units of rate of descent are given in feet per minute, while the airspeed is given in knots. The figure presented above has been non-dimensionalized by dividing out the hoverinduced velocity. The hover-induced velocity is defined below:
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T represents the thrust, or weight in the case of a hovering helicopter, R is the rotor radius, and Rho is the air density. Two main points of this theory, according to the article's conclusion, are that the predicted upper boundary corresponds to measured mean-to-peak thrust fluctuations of 15 percent. Also, in a vertical descent, the upper boundary is approximately 0.707 of the mean induced velocity in a hover. For inclined descents, with large parasitic drag, the vortex-ring state may vanish for descent angles shallower than 20 degree^.^ PeterdChen An Article titled, "Momentum Theory, Dynamic Inflow, and the Vortex-Ring State," written by Dr. David A. Peters and Shyi-Yaung Chen was published in the Journal of the American Helicopter Society in 1982. This article attempted to re-examine the criteria for vortex-ring state, and to extend those criteria to include a more consistent wake model. The theory begins by defining three states of helicopter vertical flight. The helicopter condition, or state, is a regime of flight in which the rotor is imparting energy to the flow via induced flow. In the windmill state the rotor is extracting energy from the air by slowing the free-stream. The vortex-ring state region is described as a condition in which the upward free-stream flow and downward induced flow combine to destroy the slipstream.
Peters and Chen, therefore, redefine vortex-ring state as the region in which the concept of a momentum slipstream is no longer valid. This definition can also include, ' Ibid., p.18.
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according to Peters and Chen, the helicopter and windmill conditions. not been experimentally the case. Second, they assert that the lower boundary of the Wolkovitch theory is on the helicopter regime rather than the windmill regime. They further clarify this point by contending that the Wolkovitch theory fails to predict the fact that the vortex-ring region must provide a bridge from the helicopter state to the windmill state.
The last point of contention is that the data point indicated by Wolkovitch (70.7 percent of the hover-induced velocity) is a better indicator Peter, David and Chen, Shyi-Yaung, "Momentum Theory, Dynamic Inflow, and the Vortex-Ring State, The Journal of the American Helicopter Sociefy, Vol. 27, No. 3, July 1982. of the center of the vortex region rather than the boundary.'
Xin and Gao Theory
Professor Zheng Gao and his graduate student, Hong Xin, from the Institute of Helicopter Technology, Nanjing University, PRC, wrote an article titled, "An Experimental Investigation on Vortex-Ring State Boundary." This article was a combination approach to the problem. Experimental data was obtained from a test apparatus specifically designed to eliminate the problematic interference effects and poor low airspeed characteristics from standard wind tunnel designs. The study was implemented as a result of peaked interest following several years of helicopter accidents in China attributed to vortex-ring state. One of the most unique results from their experimentation was a reported torque variation in addition to the commonly reported thrust fluctuation during the vortex-ring state. This had not been reported previously. The major conclusions of this study were that the most severe portions of vortex-ring state occur at glideslope descent angles that are between 60 and 75 degrees, decreasing in severity as the angle approaches vertical and finally disappearing at glideslope angles less than about 30-45 degrees. Lastly, the blade twist and fuselage have little effect on the vortexring state. The main criticism of the Peters and Chen approach is that their theory indicates the presence of vortex-ring state as soon as the helicopter initiates a descent from a hover. Additionally, vortex-ring state is not possible for forward speeds in excess of approximately 62 percent of the hover-induced velocity, and, according to the Peters and Chen graph; there is a vortex-ring state region possible for every angle of descent. These points do not seem to be as consistent with flight experiences and model tests.
The Gao/Xin vortex-ring state plot was chosen for implementation with our application software through the GADGHT system. It Ibid., p.21.
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presents a theory that has been built upon the PeterdChen study which, in turn, has been labeled as an improvement over the discussions presented by Wolkovitch. Also, Xin and Gao's use of a specially designed testing apparatus lends credence to their experimental results. The Gao and Xin approach has not been strictly theoretical, but semi-empirical. Their discussion presents a practical prediction of the entire vortex-ring state boundary that is more consistent with flight experiences and model tests." The Gao and Xin vortex-ring state boundary is shown in the following figure: zero through 113 knots with rates of descent from zero through 2600 feet per minute. Several of the data points, as well as the pilot comments, suggest the occurrence of vortexring state. These points were plotted against the Gao and Xin vortex-ring state boundary using an Excel file developed by Mr. Herman Kolwey, a helicopter flight test engineer at the Naval Air Warfare Center -Aircraft Division (NAWCAD) at Patuxent River, Maryland. The following graph shows the Gao/Xin vortex-ring state boundary overlaid with X's representing the data points tabulated from the partial-power descent table 3, from the NASA TM X-952.'* 
Experimental Comparisons with H-34 Data
NASA Technical Memorandum, NASA TM X-952, presents a tabulation of rotor blade differential pressures, stresses, and motions as measured in numerous flight tests. The testing was implemented using a Sikorsky H-34 helicopter.
Of particular interest to this research was the partial-power descent data. The data points appearing inside the boundary region yield the most significant comments from the pilots. Comments such as, "Helicopter temporarily out of control," "rough; blades flapping erratically," and, "unsteady flight," are among those listed in the NASA publication. Based on the comments from the pilot as well as the generally accepted descriptive conditions of vortex-ring state, the H-34 partial-power descent data appears to have been a good metric to utilize in comparing the vortex-ring state boundary theories.
Implementation
The last hurdle in realizing the implementation of a vortex-ring state warning system was the actual incorporation of the chosen boundary into a usable computer format.
As discussed previously, the GADGHT system is a Windows based COTS computer that runs a Windows moving map application known as Falconview.
Our solution was to develop a Windows based program that would run concurrently with the Falconview software. The program to detect the helicopter's penetration into the vortex-ring state region, as detailed by the Gao and Xin results, required the necessary data to determine the aircraft's position relative to the predicted vortex-ring state boundary. Information required included fuel quantity in pounds, airspeed, rate of descent, static air temperature, static pressure, base weightweight of the helicopter including crew and mission equipment, but without fuel weightand rotor radius. The airspeed, rate of descent, fuel quantity in pounds, static air temperature and static air pressure were all available from the MIL-STD 1553 data bus. Notice that these parameters can change during the course of the flight. The 1553 provides current values of these parameters. On the other hand, the pilot must enter rotor radius and base weight. The program was designed to query the pilot for base weight and rotor radius input. The software updates the other parameters from the 1553 data bus automatically.
Required calculations, such as air density (figured from the static air temperature and pressure) take place within the application software. The data captured from the 1553 bus, entered by the pilot, and calculated within the Windows based application is combined to formulate the predicted vortex-ring state boundary and plot the helicopter's position with respect to this boundary. A conditional block of code will test for helicopter penetration into the vortex-ring state boundary. If a penetration is detected, an aural and visual warning will be supplied to the pilot in the form of a single tone and a pop-up window with a message of, "Vortex-Ring State Region."
The Windows application was developed using Visual C++ and Microsoft Foundation Classes. The code necessary for capturing desired data from the 1553 data bus was supplied by Mr. Carl Zaslow from VH Systems Engineering IPT in Patuxent River, Maryland.
Validation
One of the most important issues in the implementation of this vortex-ring state warning system is that of validation. Excessive false alarms or the absence of an appropriate warning would be unacceptable in widespread use.
The validation of this system is recommended to occur as a supplement to ongoing flight-testing at NAVAIR. A series of what would be considered normal maneuvers in a typical flight would be a means of detecting false alarms. Similarly, flight on or in the predicted vortex-ring state boundary would test for the absence of an appropriate warning. Any flight testing within a vortex-ring state boundary would require careful and concise flight planning so as to not.expose the flight crew and helicopter to unnecessary danger. This would include conducting such flights with sufficient altitude for recovery as well as a detailed briefing on correct procedures to fly out of the vortex-ring state. 
Conclusion
The helicopter equivalent of a fixed wing stall, vortex-ring state is a growing safety consideration within the helicopter community. It is typically unrecognized or improperly diagnosed. This error in recognition leads to pilot reaction that oftentimes only serves to further exacerbate the situation. With the onset of increasingly demanding helicopter missions in less than ideal environments, the chances of an aircrew and their helicopter encountering vortex-ring state is likely to become more frequent. A vortex-ring state warning system was developed to provide pilots with better situational awareness in order to quickly and correctly identify and respond to the onset of vortex-ring state. After careful review of 3 different vortex-ring state theories, this system utilizes the semi-empirical approach developed by Zhen Gao and Hong Xin. A Windows based application was written to calculate the aircraft's position relative to the predicted boundary as presented by Gao and Xin. Data required for the Windows based application was captured from the 1553 data bus and processed within the program. Upon a vortexring state boundary penetration an aural as well as visual warning are sent to the pilot informing him of his flight condition prompting him for control inputs to either recover or avoid vortexring state. It is hoped that this system will be properly validated and made available to helicopter pilots thus providing them with an additional tool to recognize, react and prevent costly or injurious mishaps.
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